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Abstract: Due to the increase in non-linear loads, power lines have become highly polluted. Passive filters have
been used near harmonic-producing loads or at the point of common coupling to mitigate the current harmonics.
For industries, having large nmumber of variable frequency drives power fed through power cable reduces the
reactive power requirement in the power system. Under such reduced reactive power requirement, the design
of passive filter conforming to the IEEE 1531 standard 1s presented i this study. The objective 1s to propose
a new approach for designing the tuned harmonic filters by using Genetic Algorithm (GA) and Particle Swarm
Optimization (PSO). The main goal in projecting the harmonic filters is to mimimize the net source RMS current.
The optimal parameters obtained through GA and PSO are used to design the passive filter parameters. The
performance and operation of the so-designed passive filter has been studied through simulation under Matlab
environment.
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INTRODUCTION

Power systemn harmonics are a menace to electric
power system with sudden consequences. A number of
ways were tried out to tackle the harmonic problem posed
by non-linear electric devices. The line current harmonics
cause lncrease m losses, instability and also voltage
distortion when these harmomnics travel upstream and
produce drop across line impedance (Nelson, 2004).
Situation becomes more critical when the power system 1s
for petroleum field where the stiffness in the supply is
never achieved (Nelson, 2004; Petro and Wood, 1994,
Merhej and Nichols, 1992). A number of ways were tried
out to tackle the harmonic problem posed by non-linear
electric devices but by far, the most popular and quiet
effective one 1s the use of passive filters. Passive filters
designed by different constraints have been reported
and tried to compensate the harmonics produced by
non-linear loads along with reactive power compensation.

Passive filters remained popular and effective for
petroleum field due to their low cost, rugged structure and
higher efficiency (Berizzi and Bovo, 2000). As reported in
literature, passive filters are designed to incorporate
harmonic compensation and reactive power mirmmization
(Merhej and Nichols, 1992, TEEE, 2003; Wakileh, 2001,
Das, 2004; Upadhyaya and Atre, 1998; Lin et al., 1998;

Haozhong et al, 1995, Kawann and Emanuel, 1996).
Passive filters designed for consideration to minimize
reactive power are actually not a major constraint for
petroleumn field as the power cable used for power
transmission in petroleum field offers a capacitive
reactance (Merhej and Nichols, 1992). This additional
capacitive reactive power mitigates the lagging reactive
power requirement offered by thyristorized DC and AC
drives, transformers and other loads of similar type.
Some schemes have reported that passive filters
operate such that damping and attenuation of harmonics
which are amplified due to series and parallel resonances
(occurring between the line and capacitive impedances of
passive filters or capacitive impedance of the submerged
cable and inductive impedance of transformer and
mductance of passive filters) can be achieved. Majority of
applications at petrochemical industries demand variable
speed operation of motors. Thus, Variable Frequency
Drives (VFDs) have replaced the previously existing
conventional drives (Nelson, 2004; Petro and Wood, 1994,
Merhej and Nichols, 1992). These VFDs have high
displacement factor and the requirement of lagging
reactive power by other thyristorized drives may be fully
quenched by the leading reactive power provided by the
power cable for power transmission to the petroleum
system (Merhej and Nichols, 1992). Therefore, the
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additional capacitive reactance offered by passive filters
forces the system to draw more current from generator
units. This capacitive current creates problems of voltage
regulation m the power system.

In addition to this, the increased RMS current
increases losses and stops the system. Therefore, there is
a need to change the design parameter of passive filters
used for petroleum power systems. Such a design needs
to minimize the additional capacitive reactance by forcing
the system to have minimum RMS current as design
parameter. To avoid the problem of resonance, the design
of passive filters has to be done for dedicated application
with the VIFD unit which gets switched off along with the
drive (Petro and Wood, 1994; TEEE, 2003). The design of
such passive filter has to be done by optimizing the value
of capacitance in the passive filter so that the criterion of
minimum RMS line current 1s achieved. Thus, minmmization
of harmonics and supply RMS current has been adopted
as the design parameters for passive filters designed for
dedicated applications with VFDs in accordance with
TEEE-15 (IEEE, 2003). The traditional optimization
methods  may underge a step-by-step searching
algorithm which locates the local optima whereas Genetic
Algorithms (GAs) and PSO with the ability of parallel
searching through the entire solution space can give
global optima (Moura ef al., 2002; Chen, 2003; Berizzi and
Bovo, 2000, Goldberg, 1989; Cluppertield et al., 1994,
Sarangi, 2009).

By using GAs and PSO, designers can quickly find
appropriate parameter values to meet the desired passive
filter performance as it reduces the number of calculations
in comparison to the existing methods. At the same time,
GAs and PSO are able to handle many constraints
simultaneously which are not done at ease with other
reported algorithms (Moura ef al., 2002; Goldberg, 1989,
Chipperfield ef al., 1994). The objective of this study 1s to
propose a new approach for passive filter design
particularly for industries having a large number of VFDs.
A new design methodology using GAs and PSO 1s
proposed m this study which can give a near-optimum
solution. The optimization process is based on the design
of the passive filter for minimization of harmonic contents
and RMS line current simultaneously. The proposed
design 1s simulated under the Matlab software. Sunulation
results show that the filter designed by the proposed GAs
and PSO can meet the desired power quality requirement.

PROBLEM FORMULATION

The objective is to find an optimal selection of
components of passive filter connected to each VEFD
shown in Fig. 1. The configuration enables the system to
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Fig. 1: System configuration

reduce net voltage distortion at the PCC due to a very low
impedance path provided by these harmomnic filters. The
design has been carried out by GA and PSO which
optimizes the solution for many variables.

System configuration: The filter harmonic admittance
(per unit) for a 1st order series single tuned filter is
represented as follows (Wakileh, 2001):

|

Or,

n=57 VZ

h(ni 71)

2 2
h* —n;

Yth = 2 (1)
Where:

Qm = The filter capacity

h The harmonic index

o, The resonant point

The filter admittance (per unit) for a 2nd order High
Pass Filter (HPF) with comer frequency can be
represented as (Wakileh, 2001):
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Where:
Vin;

Therefore, the net admittance offered by a filter bank
consisting of series tuned filters at resonant pomts n, and
n,, together with 2nd order damped HPF is given by:

Yllrlnh = Yo T Yl-l‘llh (3)

The equivalent source admittance Y, shown in
Fig. 2 corresponds to the admittance offered by the
source, the cable and the transformers in the line. I,
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Fig. 2: Equivalent circuit for any hth order harmonic
distortion where h=5, 7, ...

represents the current at hth harmonic frequency from the
load which 1s acting as a harmonic current source in the
aforementioned equivalent circuit. Iy represents the
harmonic current for which the passive filters are
designed during test conditions and I; represents the
harmonic current data corresponding to source current
during test conditions. Therefore, the harmonic currentI',,
escaping to the source side at the PCC can be represented

I, —Ishx(l*‘} ()
Ihh

Equation 4 can be further being expressed in a more
generalized form that is valid for any number of filters by

das:

the equation:
Y, 1
sh = = f‘ (5)
Ysh + Yth
The main idea is to minimize ', which is subjected to
the system variables.

System variables: With the minimization of net harmonic
current flow toward the source side, determined by
minimizing the harmonic filter impedance as compared to
the source impedance and maximizing the filter impedance
at fundamental frequency, the addition of a passive filter
would result in the net RMS current reduction, due to
more reduction in harmonic current contents in the source
currents than an increase of fundamental frequency
current sinking in the passive filters.

Minimizing harmonic source current: The harmonic
current minimization is the prime objective of the
algorithm. The mimmization of harmonic current has been
ensured by minimizing the net harmonic current contents
i the source current. This can be represented by a
summation of all harmonic current contents at different
harmonic frequencies as:

Ilh = 2h:5,7, (Iiﬂh)z (6)

Minimizing fundamental current in passive filters: The
constramt of maximizing the passive filter impedance at
fundamental frequency is given:

Max {@} or Min {YL} (7
Y ‘Z1|

Reactive power: The other operational constraint is to
accumulate a reserve of reactive power for stable
operation of the power system. The summation of the
filter’s reactive power has been kept equal or less than the
total reactive power compensation required for the
system:

Em:S,T,ll, QFm = Qc (8)

where, m denotes the filter legs timed at resonant points.

Environment conditions: The environment conditions
play an important role in the determination of the smooth
operation of filters while in operation. Tt therefore
becomes mandatory to evaluate the passive filter
performance due to changes in environment conditions
before installation of filters as per IEEE 1531 standard
(TEEE, 2003). The study deals with the evaluation of the
design under changes in frequency, capacitance and
inductance of the filter banks. Frequency variation in
power system is reported to be about +1% (Lin et al,
1998):

—1%<A?f<+1% ®

The capacitors change their values due to
temperature and tolerance specified by the manufacturing
process. It has a +2% error due to the change of
temperature and 0~+10% errors due to manufactures.
Therefore, the total errors that can be ncorporated
against manufacture can be given for capacitance as

(IEEE, 2003):
2% < AC—C <+2% (10

and for inductance 1s:

—2%<%<+2% (an
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The common resonant point of the filter bank unit
consisting of series tuned filter of 5th and 7th harmomnic
frequencies and HPF at 11th harmonic frequency corner
frequency is given by:

1
S S (12)
onfyLC

From the
possible region of variation of the common resonant point

aforementioned considerations, the

n, can be expressed as:

h h

<1, <
1.01:~f1.03x1.12 ’ 0.99%4/0.97x0.98

0.92h <n, <1.036h (13)

For h = 5, the variation of the resonant point would
be defined between 4.60<n,<5.18. The variation in the
resonant pomt mdicates the range within which harmonic
over load of filter is possible due to series resonance. Tt
means that to design a filter suppressing the 5th-order
harmonic, a compromise has to be made on detuning the
filter to avoid series resonance due to distorted mains.

GENETIC ALGORITHM

GAs are efficient tools to solve optimization
problems, based on the principle of natural selection and
genetically developed off spnings (Berizzi and Bovo, 2000,
Chipperfield et al, 1994). The optimization procedure
follows an evolutionary strategy to find the best solution
of a search problem. Thus, starting from an imtial
population of individuals, each one representing a
possible solution, the evolution takes place and changes
the population to form the next generation until a
convergence criterion 1s fulfilled.

At this point, the solution is given by the best
Each mdividual represented by a
chromosome (string) which holds all the information on

individual. 15
the control variables associated to the point in the search
space represented by that individual, generally, the
control variables are coded using a binary conversion.
The optimization process tries to optimize an each
individual a fitness value strictly related with that
function; the fitness function must always be maximized
during the evolution.

The process begins with the choice random or
guided by heuristics of a starting population. It 1s
important that this population holds a high variety of

274

chromosomes, since diversity is one of the most powerful
tools of GAs. The more diverse each generation is the
more efficient the search of the best solution is as the GA
intrinsic parallelism is fully exploited. A classical GA
proceeds using the following three operators:

Selection: Some mdividuals are selected in order to mate
and to pass their genetic code to the next generation. The
choice of these individuals 13 made randomly but the
probability of an individual to be selected 1s proportional
either to its fitness or to its position in a merit order. The
most promising solutions have great probability to
survive but other solutions are not necessarily rejected
(they could still hold useful nformation).

Crossover: Each couple of selected individuals (parents)
can experience the crossover with a probability Pe
(typically, Pc = 0.6-0.9) defined by the user. In the simplest
form, a cut point 13 randomly chosen in the selected
individuals and the two couples of substrings are
swapped.

Mutation: Each bit of a chromosome can be modified
(from 0-1 or vice versa) with a very low probability Pm
(Pm = 0.001 - 0.01) set by the user. This introduces new
features 1n the next generation and allows the GA search
capability to be increased.

PARTICLE SWARM OPTIMIZATION

Particle Swarm Optimization (PSO) is a population
based Stochastic Optimization Technique, inspired by
social behavior of bird flocking or fish schooling. PSO
shares many similarities with Evolutionary Computation
Techniques such as Genetic Algorithms (GA). The system
is initialized with a population of random solutions and
searches for optima by updating generations. However,
unlike GA, PSO has no evolution operators such as
crossover and mutation.

In PSO, the potential solutions called particles, fly
through the problem space by following the current
optimum particles. The advantages of PSO 13 easy to
implement and there are few parameters to adjust (Sarangi,
2009). PSO has been successfully applied n many areas:
function optimization, artificial neural network training,
fuzzy system control and other areas where GA can be
applied.

PSO is initialized with a group of random particles
(solutions) and then searches for optina by updating
generations. In every iteration, each particle is updated by
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following two best values. The first one is the best
solution (fitness) it has achieved so far (The fitmess value
is also stored). This value is called pbest. Another best
value that is tracked by the particle swarm optimizer is the
best value, obtained so far by any particle in the
population.

This best value 15 a global best and called gbest.
When a particle takes part of the population as its
topological neighbors, the best value 1s a local best and
15 called pbest After finding the two best values, the
particle updates its velocity and positions with following
equation (Sarangi, 2009):

1 1

V) = w4 Cpwrand( ) x(pbest - B )+ (14)

C, =rand( )*(gbest 7Pi(“))

plewt) — ple) 4yl (15)
Objective function for GA and PSO: Incorporating the
main objective, 1.e., minimization of harmonic currents in
mains along with the system constraints of maximizing the
filter impedance at fundamental frequency and net
reactive power requirement, constitutes the objective
function as:

ObjF = \/thsm(lih +aP +BP, )2 (16)

represents the penalty functions P, and P, for
maximization mimmization of constraints described by
Kawarm and Emanuel (1996) and Moura ef al. (2002). The
values of these penalty functions depend upon the
degree to which constraints are violated « and P, the
multiplication constants which will control the mfluence
of the penalty functions over the objective function
optimize the design against major constraints for
smoother operation of passive filters. The optimization of
parametric values thus meets the prime objectives in
addition to near-amicable conformity with other two
constraints which enhances the performance of the
design. The steps m algorithm can be followed
{(Verma and Singh, 2010).

MATLAB BASED SIMULATION

The power source mcluding cable, transformer, VFDs
and passive filter bank 1s modeled n Matlab using the
Power System Blockset. Figure 3 shows the test bench to
estimate the performance of the passive filters under
equivalent offshore power system conditions though
Matlab simulation. The source block consists of a 3-phase
power source with Il section cable and transformer that
produce finite impedance making the source non-stiff. The
performance of the designed set of passive filters with the
aforementioned placement has been studied. The set of
passive filters includes bank of passive filters consisting
of tuned passive filter at the 5th and 7th harmonic
frequencies and a 2nd-order damped HPF whose corner

Where: . .
ere frequency 1s kept at 11th harmonic frequency as per [EEE
P = {Y-l} a7 1531 standard. The VFD has been modeled with a diode
1z rectifier with a smoothing capacitance of 200 uF and an
AC drive as equivalent resistance which represents the
b (Q ~ E Q )2 (18) rea.l power comsumed by the load.. This equivalent
2 m=57,11..... Fm resistance corresponds to a 9.25 kW drive.
S =3 ) H
—3 1 -——ﬂ‘] F
: & = [
Passive filter )
bank i
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Cle—m= T -~ 5 =
Non-sinusoidal I e, 6* - "l m T
source <@ D

Passive filter
bank

Fig. 3: Matlab block diagram consisting of power system and VFD loads for passive filters
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DISCUSSION

Figure 4 and 5 shows the THD and RMS values of
voltage and current without passive filters for sinusoidal
source. And similarly Fig. 6 and 7 shows the THD and
RMS values of voltage and current without passive filters
for non-sinuscidal source. Figure 8 and 9 shows the
source current (IS) and line voltage at PCC (V) for
Dedicated Passive Filter (DPF) for each VFD using GA
and PSO. Tt is clearly shown in Fig. 10 and 11 that the
power system 1s very weak. Even with very low harmonic
contents m the source current, the voltage waveform 1is
highly distorted at PCC. With the application of passive
filters, the THD of the scurce current under such
condition has been improved from 18.69-2.97% using GA

—_ Fundamental (50 Hz) = 451, THD = 21.48%
xX
= 15
§
_§10
E
= 5
] Ll _1n
e — ———
0o 2 4 6 8 10 12 14 16 18 20
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Fig. 4 THD and RMS values of voltage without PF for

siusoidal source

Fundamental (50 Hz) = 89.64, THD = 18.61%
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Fig. 5: THD and RMS values of current without PF for
sinusoidal source
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Fig. 6: THD and RMS values of voltage without PF for
non-smusoidal source
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and the THD of the voltage waveform has been improved
from 21.52-7.42% using GA similarly for PSO the THD of
the source current under such condition has been
mmproved from 18.61-4.31% u and the THD of the voltage
waveform has been improved from 21.52-10.52%.

Figure 9 and 11 shows the THD of the load and
source currents and voltage at PCC using GA and PSO,
the THDs of the source current and voltage at PCC
dynamically improve when compare without passive
filters. One very important aspect of the design
corresponding to net reduction m RMS supply current

Fundamental (50 Hz) = 99.04, THD =35.71%
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Fig. 7: THD and RMS values of current without PF for
non-simusoidal source
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Fig. 9: THD and RMS values of voltage and current at
PCC using GA
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Table 1: Percentage THD and RMS value of source current and voltage at
PCC with and without passive filter using GA under undistorted

Table 2: Percentage THD and RMS vahie of source current and voltage at
PCC with and without passive filter using GA under distorted

mains mains
Current/voltage RMS values THD% Current/voltage RMS values THD%
Source current 76.39 18.61 Source current 81.25 35.53
Source current with CPF 69.78 4.72 Source current with CPF 72.50 4.12
Source current with DPF 75.56 2.97 Source current with DPF 79.26 311
Voltage at PCC 318.90 21.52 Voltage at PCC 325.35 29.33
Voltage at PCC with CPF 332.20 11.48 Voltage at PCC with CPF 336.56 11.67
Voltage at PCC with DPF 340.40 7.42 Voltage at PCC with DPF 345.45 8.53
600 Table 3: Percentage THD and RMS value of source current and voltage
400 at PCC with and without passive filter using PSO under
S 208 { G R B B T ¢ ol 1PE Ea § ) [ undistorted mains
% -200 J I 0 N R v 1 T 8 I | Current/voltage RMS values THD%
> -400 Source current 76.39 1861
-600 Source current with CPF 72.59 1.72
00T Source current with DPF 75.80 0.63
_ saff Voltage at PCC 318.90 21.52
< o0 Voltage at PCC with CPF 335.40 4.31
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Fig. 10: Response of passive filters for VFDs for
sinusoidal source using PSO
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Fig. 11: THD and RMS values of voltage and current at
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Fig. 12: Response of fitness function for GA and PSO

holds true for both types of placements of passive filters
in the power system. Table 1-4 show about the %THD
and RMS wvalues obtained by GA and PSO without
passive filters with common passive filters and with
distributed passive filters.

When compare to the values obtained through PSO
are better than the GA. Figure 12 shows the response of
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Table 4: Percentage THD and RMS value of source current and voltage at
PCC with and without passive filter using PSO under distorted

mains
Current/voltage RMS values THD®%
Source current 81.25 35.53
Source current with CPF 73.58 3.84
Source current with DPF 78.44 3.08
Voltage at PCC 325.35 2933
Voltage at PCC with CPF 34545 4.33
Voltage at PCC with DPF 375.33 3.30
Table 5: Parameters of the considered system
Parameters Values
Cable impedance 0.8Q km™, 0.3 mH km™, 3 pF km™
Transformer equivalent 0.10, 5mH

TL.oad side impedance V8D1: CL. =200 pF, RL.=201€)
VSD2: CL =200 pF,RL =200
VSD3: CL =200 pF,RL =200
230V, 50 Hz

C5=3844 uF; L5=10.5mH
C7=3844 uF; L7=10.5mH
Cip = 39.78 UF; Lip = 10.5 mH
Rp=3.50Q

C5=36.84 uF; L5=11mH
C7=1879 uF, L7=11 mH
Ryp =27.01 pF; Ly =3.12 mH
Rpp=2540Q

AC mains
Filter parameters for GA

Filter parameters for PSO

objective function for GA and PSO. The parameters of the
considered system of the study are shown in Table 5.

CONCLUSION

This study has presented a new technique to design
series tuned and 2nd order band pass passive filters. The
design has been emphasized for reduction of harmonic
current together with minimization of RMS source current
and reactive requirement. The observed performance,
through analyzing the result has demonstrated the ability
of the proposed designed passive filters to compensate
the current harmonics effectively along with the reduction
of the net RMS source current. The placement of the
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designed passive filter has been studied for two different
places. Tt has been found that the DPF for each VFD
reduces the THD of source current and voltage at PCC
more than a CPF at the bus. Moreover, the DPFs which
draw a little more current and slightly mcrease the voltage
at PCC are recommended for safer operation because of
mcreased overload capacity to work under series
resonance carried by distorted mains which 1s prominent
in petroleum industries.
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